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Ultrastructural changes in the Golgi apparatus and associated 
cytoplasmic organelles were followed in decapped roots grown 
in liquid culture containing either no aluminium (AI) (control) or 
8 mg dm - 3 AI. Development of Golgi apparatus function in the 
control coincided with differentiation of proplastids and the 
formation of amyloplasts. A recognizable cap was formed 48 h 
after decapitation. Aluminium inhibited development of the 
Golgi apparatus function.Vesicle membranes were not clearly 
defined and secretory vesicles accumulated in the vicinity of 
the dictyosome. Many plastids in Al-treated cells failed to 
develop internal organization. Starch accumulation was only 
apparent in isolated plastids with extended exposure to AI and 
was linked to the presence of dictyosomes. Lipid drops (plasto· 
globuli) were found in considerable numbers in plastids, 
sometimes in conjunction with starch, even with 24·h exposure 
to AI. This could implicate AI in preventing the assembly of 
membrane material. A partial resumption of Golgi function 24 h 
after decapping preceded severe cellular disorganization in Al-
treated roots which failed to regenerate a new cap. An 
hypothesis concerning the control of Golgi apparatus function 
and plastid differentiation was developed. 
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Ultrastrukturele veranderinge in die Golgi-apparaat en verwante 
sitoplasmiese organelle is bestudeer na die verwydering van die 
kaliptra van wortels wat gekweek is in 'n vloeibare medium wat 
of geen aluminium (AI) (kontrole) of 8 mg dm - 3 AI bevat het. 
Die ontwikkeling van Golgi-apparaatfunksie in die kontrole het 
ooreengekom met die differensiasie van proplastiede, en ontwik-
keling van amiloplaste. 'n Herkenbare wortelmussie is binne 48 h 
na verwydering gevorm. Daar is gevind dat AI die ontwikkeling 
van die Golgi-apparaatfunksie ge"lnhibeer het. Vesikelmembrane 
was nie duidelik gedefinieer nie en sekresievesikels het in die 
nabyheid van die diktiosome versamel. Baie plastiede in Al-
behandelde selle het geen interne organisasie ontwikkel nie. 
Stysel-versameling was slegs in ge"lsoleerde plastiede duidelik 
na verlengde Al-behandeling, en is gekoppel aan die teenwoor-
digheid van diktiosome. Lipiedliggaampies (plastoglobuli) was 
steeds in aansienlike getalle in plastiede teenwoordig, soms 
tesame met stysel in 24-h Al-blootgestelde materiaal. Dit mag 
impliseer dat AI die akkumulasie van membraanmateriaal ver-
hoed. 'n Gedeeltelike hervatting van Golgi-funksie is waarge-
neem 24 h na wortelmusverwydering en het die ernstige sellu-
lere wanorganisasie vooruitgegaan in die Al-behandelde wortels 
wat nie daarin kon slaag om 'n nuwe wortelmus binne 48 h na 
behandeling te regenereer nie. 'n Hipotese in verband met die 
kontrole van Golgi-apparaatfunksie en plastieddifferensiasie is 
ontwikkel. 
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Introduction 
The cells of the quiescent centre (Clowes 1956) are 
characterized by an inherent capacity to express a develop-
mental pathway not normally seen in rapidly elongating roots 
(Feldman & Torrey 1976). These cells respond to the removal 
of the root cap by entering mitosis and regenerating a new 
cap (Barlow 1974), which has many properties shown by 
normal caps (Barlow 1974; Barlow & Grundwag 1974). 
Studies on Al toxicity (Bennet eta/. 1985b) have attached 
particular relevance to the Golgi apparatus function in the 
peripheral cap cells in the physiology of Al toxicity. Golgi 
apparatus function is correlated with cellular development 
(Mollenhauer 1965) and the dictyosomes of the quiescent 
centre are characterized by low levels of activity indicated by 
their small size and absence of secretory vesicles (Clowes & 
Juniper 1964). The response of the Golgi apparatus to cap 
removal is presently unknown. Decapping has however been 
shown to permit Al to enter the quiescent centre (Bennet et 
a/. 1985a). Consideration of the role of Al in influencing 
developmental stages involved in cap regeneration may there-
fore be expected to promote understanding of the mechanism 
of Al toxicity. 
Materials and Methods 
Plant growth conditions 
Pre-germinated seeds of Zea mays L. cv TX 24 were planted 
along the upper edge of 660 x 220 mm filter paper. Seeds 
were arranged with the radicles pointing downwards. The 
paper was loosely rolled and placed vertically in a glass 
container, with 50 mm deep nutrient solution. This technique 
has been more fully described by Konzak et at. (1976). 
Experimental procedure 
Plants were selected for a straight main root axis, the main 
root was decapped, following the procedure of Feldman 
(1975). Plants with decapped roots were transferred to the 
following nutrient solution; (mg dm - 3) N 18; P 1,5; K 20; 
Ca 20; Mg 5; S 7; Na 0,75; Mn 0,05; Zn 0,025; Cu 0,01; 
Fe 3; Mo 0,015; B1 containing either no Al (control) or 8 mg 
dm - 3 Al as A12(S04)3 and grown at 27 oc with continuous 
aeration, but without supplementary light. At 0 h, 6 h, 12 h, 
24 h and 48 h after decapping, root tips from each treatment 
were processed for light and electron microscopy by fixation 
in 60Jo glutaraldehyde in 0,05 M sodium cacodylate buffer 
at pH 7,2 with post fixation (2 h) in 2% Os04 in 0,05 M 
sodium cacodylate buffer (Hayat 1981a). Fixed material was 
dehydrated in graded alcohol, treated in propylene oxide and 
embedded in Epon/ Araldite resin. Thin sections for light 
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microscope viewing were stained in methylene blue. Ultra-thin 
(gold) serial sections for transmission electron microscope 
viewing were stained in uranyl acetate and lead citrate (Hayat 
1981b). 
To follow the effect of cap removal on the fine structure 
of the cells of the quiescent centre on a quantitative basis, 
photographs of these cells were built into mosaics and counts 
were made of the number of plastids, starch grains, lipid 
drops, dictyosomes, cisternae per dictyosomal stack and 
secretory vesicles for single roots sampled from each 
treatment. 
Results 
In the control treatments (0 AI) changes were observed in the 
plane of cell division (24 h) preceding formation of 
recognizable cap tissue which was evident 48 h after cap 
removal (Figures 1A & 1C). AI-treated roots failed to 
regenerate a cap (Figure 1D) and AI treatment was associated 
with severe cellular disorganization and progressive 
vacuolation of the cells of the root apex first apparent 24 h 
after cap removal (Figure 1B). 
Golgi apparatus function in decapped roots in the 
absence of Aluminium 
Changes in the cells of the quiescent centre arising from cap 
removal involved the activity and secretory pattern of the 
Golgi apparatus. In root tips fixed immediately after 
decapping, the dictyosomes of the quiescent centre were 
characterized by an absence of secretory vesicles (Figure 2B) 
and contained the least number of cisternae per dictyosomal 
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stack (Figure 3). Increases in the number of dictyosomes, 
secretory vesicles, and cisternae per dictyosomal stack were 
observed within 6 h of cap removal (Figure 3), suggesting 
enhanced secretory activity. Steady state secretion (Morn~ 
1977a) was, however, indicated 12 h after decapping since 
further increases in the number of cisternae per dictyosomal 
stack were not observed. 
Changes in the appearance of vesicular contents were also 
detected and many vesicles containing a dense granular 
material were observed in the outer cells of decapped roots 
within 6 h of cap removal (Figure 2D). With longer times 
(24 h) after cap removal, differences in Golgi apparatus 
morphology were evident between cells of cortical and stelar 
lineages, and the secretory vesicles in the latter were often 
poorly developed and rarely contained granular material 
(Figure 2H). 
Re-establishment of full Golgi apparatus function, usually 
associated with the outer cap and based on the presence of 
elongated secretory vesicles and the accumulation of Golgi 
apparatus-derived material (Morn! et al. 1967) between the 
plasmalemma and cell wall, could only be identified 48 h after 
decapping. 
Golgi apparatus in decapped roots treated with 
Aluminium 
Golgi apparatus development was rapidly inhibited by AI. 
Within 6 h the number of dictyosomes and cisternae per 
dictyosomal stack were reduced (Figure 3). Some temporary 
recovery of Golgi apparatus activity was evident with longer 
times after cap removal (Figure 3), but it was notable that 
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Figure 1 Longitudinal sections through decapped roots of Zea mays illustrating the effect of AI on regeneration of the root cap. A. Control 
(0 AI) 24 h after cap removal. Initiation of a new cap is evident. B. Decapped root treated with AI 24 h after cap removal. Cap boundary remains 
intact and no evidence of cap regeneration exists. C. Control (0 AI) 48 h after cap removal. Recognizable cap tissue is apparent. D. Decapped 
root treated with Al48 h after cap removal with no evidence of cap regeneration. Cellular distortion of root cells is, however, apparent. Magnification 
X 100). 
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Figure 2 Electron micrographs of plastids and dictyosomes in the cells of the quiescent centre of the control (0 Al) at different times after cap 
removal. A. Plastid fJXed immediately after decapping (0 h). Note absence of starch and presence of lipid drops (L). B. Dictyosome fiXed immediately 
after decapping (0 h) characterized by the absence of secretory vesicles. C. Plastid 6 h after decapping showing developing starch grain (S) and 
defined membrane structure. Lipid drops are also still evident. D. Dictyosome 6 h after decapping. Secretory vesicles (SV) are well defined and 
contain granular material. E. Developing amyloplasts in cell of cortical lineage containing defined starch grains (S) 24 h after decapping. Note 
the presence of dictyosome. F. Dictyosome in cell of cortical lineage 24 h after decapping with defined secretory vesicles containing granular 
material. G. Plastid in cell of stelar lineage; note presence of DNA fibres (arrowed) and absence of starch. H. Dictyosome in cell of stelar lineage 
showing characteristic, small secretory vesicles (SV) and paucity of granular secretory product. 
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Figure 3 The effect of time, after cap removal and treatment of 
decapped roots with AI, on Golgi apparatus activity in the cells of the 
quiescent centre, indicated by the relative frequency of A. dictyosomes, 
B. cisternae per dictyosomal stack, C. secretory vesicles. 
at no stage did the numbers of dictyosomes, cisternae per 
dictyosomal stack, and secretory vesicles approach the levels 
found in the control treatment (Figure 3). 
Secretory vesicles containing the granular material were 
infrequently encountered and only with extended periods after 
cap removal (24 h). Vesicle membranes were not clearly 
defined and secretory vesicles were found to accumulate in 
the vicinity of dictyosomes (Figure 4D). Dictyosomes with 
defined membrane structure were infrequent 24 h after 
decapping and occurrence coincided with isolated plastids 
containing defined starch grains. No structural distinction was 
evident between the Golgi apparatus located in cells of cortical 
and stelar lineages. Curling of dictyosomal cisternae (Bennet 
et a!. 1985b) was not observed. 
Plastid differentiation in decapped roots in the absence 
of Aluminium 
Plastids showed a high frequency (Figure 5) in the cells of 
the quiescent centre immediately following cap removal, and 
there was evidence of multiplication (Figure 2A). Plastids 
showed little internal organization, membrane profiles were 
indistinct, lipid drops and irregular patches of electron-dense 
material were numerous (Figure 5). Starch grains were 
infrequent and always small. 
Plastids were observed to follow a defined developmental 
sequence with increasing intervals after cap removal. These 
changes involved increases in the frequency with which starch 
grains were encountered and coincidental declines in the 
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number of lipid drops (Figure 5). Initially plastids found in 
cells of cortical and stelar origin were not morphologically 
distinct, but 24 h after cap removal, plastids in cells of stelar 
lineage were clearly distinguishable and characterized by many 
of the features observed in plastids immediately after cap 
removal (Figures 2 & 5). Many of these plastids were 
particularly rich in electron-dense areas (Figure 20). Plastids 
in cells of cortical origin were distinguished by the presence 
of well defined starch grains (Figure 2E), while lipid drops 
were rarely present in plastids which contained large starch 
grains. 
Plastids in decapped Aluminium-treated roots 
Unlike the control, many plastids in Al-treated cells failed to 
develop internal organization during the course of the 
experiment, and membrane proftles usually remained indistinct 
(Figures 4A, 4B). A conspicuous consequence of Al treatment 
involved the rapid increase (6 h) in the number of lipid drops 
(Figure 5) which could still be observed in considerable 
numbers, sometimes in conjunction with starch, 24 h after 
cap removal . 
Aluminium treatment also prevented starch accumulation 
and, although there was initially little difference in the 
frequency of occurrence of starch deposition sites between the 
control and Al-treated roots, starch grains in Al-treated cells 
were usually smaller and large grains were infrequently found 
with extended time after cap removal (24 h) (Figure 4E). 
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Figure S The effect of cap removal and treatment of decapped roots 
with AI, on differentiation of plastids located in the quiescent centre, 
indicated by the frequency of A. plastids, B. electron-dense regions 
(DNA fibres), C. starch grains, D. lipid drops (S - cells of stelar lineage, 
C - cells of cortical lineage). 
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Figure 4 Electron micrographs of plastids and dictyosomes present in the cells of the quiescent centre of roots treated with 8 mg dm- 3 AI at 
different times after cap removal. A. Plastid 6 h after decapping. Note absence of starch and scarcity of lipid drops. B. Plastid 12 h after decapping, 
characterized by an absence of starch grains and poorly defined internal organization. C. Dictyosomes 6 h after decapping. Secretory vesicles 
are absent and membrane profiles poorly defined. D. and F. Dictyosomes 24 h after decapping. Secretory vesicles (arrowed) contain some granular 
material and frequently accumulate near the dictyosome. E. Plastids containing defined starch grains in the vicinity of the dictyosome 24 h after 
decapping. Note intensity of stain shown in starch grain. 
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Aluminium treatment caused the disappearance of electron-
dense patches observed principally in undifferentiated plastids 
and, with 24 h exposure, these could no longer be detected 
(Figure 5). No morphological distinction could be drawn 
between plastids located in cells of cortical and stelar origin. 
Discussion 
Barlow (1981) has indicated that differentiation of cells within 
the root apex may occur in response to cap removal, in the 
absence of cell division, so that cells showing the correct spatial 
arrangement may develop properties more usually associated 
with the cellular function of the root cap. He suggests that 
differentiation arises in response to cap-determining gradients 
of morphogens induced within the remaining cells of the root 
apex. Very little is known of the origin of these gradients and 
the ultra-structural changes in cytoplasmic organelles following 
decapping, and in the presence of AI, are pertinent to 
elucidating the processes involved in the re-establishment of 
biochemical gradients within the root apex. 
The control of Golgi apparatus function in response to 
cap removal 
The behaviour of the Golgi apparatus is correlated with 
cellular development (Mollenhauer 1965; Mollenhauer & 
Mollenhauer 1978) and the dictyosomes of the quiescent centre 
are notable for the low level of activity, suggested by their 
small size and absence of secretory vesicles (Clowes & Juniper 
1964; Mollenhauer & Morn~ 1966). Abrupt increases in the 
secretory activity of the control treatments in response to 
decapping, implied by an almost linear increase in the 
frequency of occurrence of dictyosomes with time, an initial 
increase in the number of cisternae per dictyosomal stack, and 
distinctive changes in the appearance of vesicular contents, 
may be considered evidence that the loss of the cap coincides 
with the temporary removal of a constraint on the function 
of the Golgi apparatus. 
Characteristic differences in the secretory patterns of the 
Golgi apparatus, found in the cell populations of the root 
apex, have been widely described (Mollenhauer 1965; Mollen-
hauer & Morn~ 1966; Mollenhauer & Mollenhauer 1978; 
Barlow 1975) and have generally been associated with cellular 
differentation (Barlow 1975). The Golgi apparatus of the 
peripheral cap cells are distinguished by the granular 
appearance of the vesicular contents (Mollenhauer & Morn~ 
1980). This is not characteristic of neighbouring cell 
populations of the cap or epidermal regions of the root apex 
where vesicles containing electron-dense material are usually 
encountered (Mollenhauer & Morn! 1980). These observations 
suggest that Golgi apparatus activity associated with the 
presence of granular secretory vesicles coincides with the 
spatial arrangement of cells with cap properties, as described 
by Barlow (1981), in decapped roots and is of fundamental 
importance in root physiology. 
The re-establishment of biochemical gradients in decapped 
roots, as suggested by morphological differences between 
Golgi apparatus located in cells of the quiescent centre of 
cortical and stelar lineages and based largely on the occurrence 
of secretory vesicles containing granular material, infer that 
the Golgi apparatus function may be involved in re-imposing 
constraints on Golgi apparatus function. Furthermore, the 
differentiation of plastids with large, well defmed starch grains 
which Barlow (1981) has considered a marker of resumed cap 
function, coincided with this distinctive Golgi apparatus 
secretory pattern. Elaboration of a granular secretory product 
may not however represent the full Golgi apparatus function 
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of the outer cap cells, since the oval-shaped secretory vesicles 
and accumulation of Golgi apparatus-derived material 
typically associated with slime production in the peripheral 
cap region (Mollenhauer & Morn~ 1980), was only evident 
with regeneration of recognizable cap tissue. 
Inhibition of Golgi apparatus function by Aluminium 
Aluminium toxicity has been connected with inhibition of 
vesicle transfer and alteration to the secretory product 
elaborated in the dictyosomes of the peripheral cap cells 
(Bennet et at. 1985b). A principal function of the Golgi 
apparatus involves the production of secretory vesicles (Morn! 
1977a) and it is therefore of consequence that in decapped 
roots, AI action was directed at the elaboration of granular 
secretory product, since vesicles containing this material were 
infrequently observed and only with extended times after cap 
removal. Inhibition of vesicle transfer, suggested by an 
accumulation of secretory vesicles in the vicinity of 
dictyosomes was indicated only in the case of vesicles which 
contained granular material. Aluminium-treated roots also 
failed to re-establish the biochemical gradients observed in the 
control, and differences in Golgi apparatus morphology 
between quiescent centre cells of cortical and stelar lineage 
were not observed. 
The bulk of the Golgi apparatus membranes are thought 
to be contributed by the endoplasmic reticulum (Mom~ 1977b). 
Our experiments have indicated that the initial reduction in 
the number of dictyosomes coincided with a sharp increase 
in the number of lipid drops present in the plastids. Lipids 
are important constituents of plant membranes (Vickery & 
Vickery 1981) and these observations may imply a role for 
AI in preventing the assembly of membrane material, which 
accords with the slower development of the Golgi apparatus 
noted in Al-treated cells. 
These experiments also suggest that growth stimulation of 
the cells of the root apex in response to AI treatment (Bennet 
et at. 1985c) may be delayed in decapped roots, and that the 
appearance of these symptoms may correlate with the develop-
ment of the secretory activity in the Golgi apparatus. 
Plastid differentiation in response to cap removal in the 
absence of Aluminium 
Barlow & Grundwag (1974) have demonstrated that cap 
removal initiates a developmental sequence in the plastids of 
the cells of the quiescent centre, and have intimated that 
structural features of the majority of plastids, immediately 
following cap removal, are indicative of repression of plastid 
development. The elaboration of the membrane system and 
accumulation of starch in plastids found in cells of cortical 
lineage essentially followed the pattern described (Barlow & 
Grundwag 1974). 
Factors which govern plastid development are as yet 
unknown (Barlow & Grundwag 1974). Re-establishment of 
axial gradients in plastid differentiation coincided with changes 
in Golgi apparatus function and, as the plastids in quiescent 
centre cells of stelar lineage show many of the features 
previously connected to repression (Barlow & Grundwag 
1974), it is inferred that gradients of morphogens are re-
established before recognizable cap tissue is formed. 
Aluminium toxicity and plastid differentiation 
Many plastids in Al-treated cells failed to develop in response 
to decapping and membrane profiles were frequently 
indistinct. The action of AI is, however, not considered to 
be primarily directed at plastid differentiation, since initially, 
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many of the changes in plastids involving starch accumulation 
and associated with cap removal showed little quantitative 
difference between Al-treated roots and the control. Further-
more, the role of the electron-dense regions observed in many 
plastids is anomalous. Barlow & Grundwag (1974) have 
connected the presence of these regions, thought to represent 
DNA fibres (Salema & Badenhuizen 1969), to sites of starch 
synthesis and accumulation. Aluminium has a clear inhibitory 
effect on the occurrence of these fibres which could be 
interpreted as inhibition of DNA synthesis by Al, which 
accords with the work of Wallace & Anderson (1984). Barlow 
(1981) has, however, shown that differentiation of apical cells 
in which amyloplast development was used as a marker of 
cap function, proceeded in the absence of mitosis, which was 
suppressed by the use of DNA inhibitors. Amyloplast develop-
ment is inhibited by Al and a primary role of Al, preventing 
DNA synthesis, therefore seems improbable. As a corollary, 
the arrested condition of plastids in Al-treated cells may arise 
as a consequence of failure of substrate induction mechanisms. 
Observations with respect to the effect of Al on plastid 
differentiation support the idea of functional interdependence 
between Golgi apparatus and plastid differentiation. The 
presence of large starch grains was not a feature of Al-treated 
roots, even with extended periods after cap removal, and the 
occurrence of isolated plastids containing defmed starch grains 
invariably coincided with the evidence of Golgi activity. 
An hypothesis for a morphogen originating in the outer 
cap 
There are numerous suggestions of growth inhibiting 
substances originating in the root cap (Gibbons & Wilkins 
1970; Pilet 1975). Experiments with decapped roots in the 
presence and absence of Al have inferred that the Golgi 
apparatus secretory activity involving a granular secretory 
product may be connected to the occurrence of a morphogen 
mediating Golgi apparatus activity and plastid differentiation. 
Furthermore, as the re-establishment of biochemical gradients 
in decapped roots in the absence of Al, interpreted in terms 
of Golgi apparatus and plastid morphology, occurs prior to 
the formation of recognizable cap tissue and precedes a return 
to the quiescent state, it is conceivable that the morphogen 
may also be involved in imposing quiescence on the cells of 
the quiescent centre. This idea accords with the previously 
expressed hypothesis that disruption of Golgi apparatus 
function by Al in the peripheral cap cells of intact roots 
(Bennet eta!. 1985b) precedes removal of the constraint on 
the growth of the cells of the quiescent centre (Bennet et a!. 
1985c). 
Aluminium decreases the incidence of the morphogen by 
the disruption of Golgi apparatus function and a considerably 
wider involvement for this morphogenic substance in root 
physiology may be indicated, since Al toxicity has been 
connected to a decline in mitotic activity (Clarkson 1965) and 
DNA synthesis (Wallace & Anderson 1984). The endo-
membrane system, including the Golgi apparatus, is, however, 
characterized by the absence of DNA (Morre & Mollenhauer 
1974) and, furthermore, the presence of the morphogen is not 
in itself dependent on either DNA synthesis or cell division 
(Barlow 1981). Since direct action between Aland nucleic acids 
appears improbable, it may be appropriate to consider that 
reduced mitotic activity and DNA levels following Al treat-
ment are indicative of a functional involvement of the 
morphogen in controlling these activities. The precise 
biochemical pathway and the identity of the morphogen 
remain to be demonstrated. 
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